We studied the seasonal lipid dynamics of Calanus finmarchicus from Loch Etive, a semi-enclosed fjordic environment on the west coast of Scotland, in relation to the diapause behavior of this species. Levels of total lipid and triacylglycerol in individual copepodid stage V (CVs) exhibited clear seasonal trends, with highest levels in June and progressively decreasing through late summer to winter. Wax esters in CVs were more variable, but followed a similar pattern. An index of the level of unsaturation of wax esters, effectively an indicator of the levels of polyunsaturated fatty acids in the wax ester reserves, were highest in midsummer and declined progressively through autumn and winter. Fatty acid analysis of total lipid in the CVs confirmed that the amounts of polyunsaturated fatty acids in the wax esters decreased, while amounts of saturated and monounsaturated fatty acids remained comparatively stable. Polyunsaturated wax esters are selectively catabolized by C. finmarchicus during diapause. Previous studies have linked unsaturation of wax esters in calanoid copepods to the initiation of diapause and buoyancy control, and we hypothesize that selective catabolism of polyunsaturated wax esters is linked to the processes of diapause termination and ascent to surface waters.
The copepod Calanus finmarchicus is an important trophic link between primary producers and a number of commercially important fish species in the North Atlantic and peripheral ecosystems (Conover et al. 1995) . A key, yet little understood aspect of the life cycle of C. finmarchicus is its overwintering behavior when it enters into diapause, effectively a state of dormancy when metabolic processes are greatly reduced (Hirche 1996) . Mechanisms controlling diapause have remained elusive because the initiation and termination of diapause is highly variable between regions and not linked to the physical environment (Johnson et al. 2008) .
Threshold levels of total lipid are thought to be involved in controlling diapause, the hypothesis being that copepods must accumulate a minimum level of lipid before diapause is initiated (Rey-Rasset et al. 2002; Irigoien 2004) . These large lipid stores are accumulated during copepodid stages IV and V (hereafter referred to as CIV and CV), and are essential for processes such as metabolic energy generation, diapause, gonad maturation, and egg production (Lee et al. 1970 ; Jó nasdó ttir 1999; Mayor et al. 2009) .
A recent study of the dominant calanoid copepod in the Southern Ocean, Calanoides acutus, has suggested a critical role for the composition of the wax esters in regulating buoyancy while at depth (Pond and Tarling 2011; Pond et al. in press) . Analysis of the levels of unsaturation (number of double bonds) of the wax esters in CV Calanoides acutus has indicated that those copepods migrating into the deep ocean contained similarly high levels of polyunsaturated wax esters, while those from the surface were highly variable. Pond and Tarling (2011) analyzed Calanoides acutus wax esters using high-pressure differential scanning calorimetry, a technique that can be used to simultaneously determine the influence of temperature and pressure on the solid-liquid phase changes of lipids and other materials. It was discovered that wax esters with high levels of unsaturation (. 50%), i.e., similar to that found in dormant copepods, possess unusual biophysical properties. At pressures equivalent to water depths . 500 m and at ambient temperatures for the deep sea, a proportion of the wax ester pool changed physical state from liquid to solid phase. Liquid-solid phase changes of wax esters have previously been shown to reduce the specific volume and hence the buoyancy of the wax ester pool (Clarke 1978; Yayanos et al. 1978) . Wax esters derived from saturated and monounsaturated fatty acids did not exhibit these pressure effects. Thus, Pond and Tarling (2011) proposed that a combination of both the total amount and the degree of unsaturation of the wax esters would be key determinants of the depth of neutral buoyancy in diapausing copepods.
C. finmarchicus is the dominant mesoplankton species in Loch Etive, a sea loch near Oban on the west coast of Scotland (maximum depth 140 m; Mauchline 1987) . A shallow sill at the entrance of the loch restricts seawater exchange and partially isolates the sea loch population of C. finmarchicus from adjacent shelf-sea and oceanic populations. Loch Etive has atypical hydrodynamic conditions compared to other sea lochs on the west coast of Scotland. Primary production in Loch Etive is comparatively low (Wood et al. 1973 ) and generates only a single, synchronized cohort of C. finmarchicus each year (Mauchline 1987; Hill 2009 ), making it ideally suited to life-cycle studies. We sampled C. finmarchicus populations in Loch Etive each month between April 2006 and June 2007 to investigate how the amount and composition of their wax esters are linked to the initiation and termination of diapause.
Methods
Sample collection-C. finmarchicus were collected using a 200-mm-mesh ring net from the Bonawe deep site at 56u459N, 5u189W in Loch Etive (Fig. 1 ) at monthly intervals from April 2006 to June 2007 (Fig. 1) . The net was hauled vertically twice at each station and gave an integrated sample of 0-140-m depth. Animals from the first haul were preserved in 70% ethanol for abundance counts and an accompanying molecular study (Hill 2009 ), while the animals from the second haul were kept in a cool box and transported from the collection site back to the laboratory within 2 h of capture. CV copepods in good condition were sorted using a binocular microscope, flashfrozen in liquid nitrogen, and stored at 280uC until lipid analysis. The ethanol-preserved zooplankton from the vertical net haul were split using a Folsom plankton splitter down to 1/32 of the original sample, depending on the abundance of plankton and all stages CIV-CVI copepodids counted.
Lipid analysis-Lipids were extracted from stage CV C. finmarchicus following Pond and Tarling (2011) . Individual copepods preserved at 280uC were initially transferred to 1.1-mL tapered vials (Chromacol) containing 500 mL of chloroform : methanol (2 : 1 v : v). Samples were then stored at 220uC for 16 h to allow extraction of total lipid. Bulk samples of 20 C. finmarchicus from each sampling date were extracted using 2 mL chloroform : methanol (2 : 1, v : v). After incubation, copepod exoskeletons were carefully removed using acetone-washed tweezers to confirm species identification. Although Calanus helgolandicus is uncommon, we wished to be certain the results were not contaminated by any rare instances of this species, and microscopic analysis of exoskeletons enables identification of species (Hill 2009 ).
Since only comparatively small amounts of lipid are contained within individual copepods, extraction procedures were simplified to reduce losses and minimize the introduction of contaminants into the samples (Pond and Tarling 2011) . After the addition of 125 mL KCl (0.88% w : v), samples were initially whirlimixed before being centrifuged for 2 min at 400 3 g to promote phase separation. The lower chloroform phase, containing the total lipid extract, was removed using a 500-mL Hamilton glass syringe equipped with a Teflon-tipped plunger. The needle of the syringe was pushed through the upper methanol-water layer and the chloroform phase taken up into the syringe, leaving the aqueous phase as waste in the original vial. The 1.1-mL tapered glass vials greatly facilitate this procedure. The chloroform phase, containing the lipid extracts, was then decanted into clean, preweighed 1-mL vials before drying in a vacuum desiccator and reweighing.
Lipid class analysis-Ten-microgram aliquots of total lipid were subjected to high-performance thin-layer chromatography (HPTLC) using a hexane : 4 diethyl ether : acetic acid (90 : 10 : 1) solvent system (Pond and Tarling 2011) . The plates were then sprayed with 8% (v : v) phosphoric acid containing 3% (w : v) copper acetate solution, followed by heating at 160uC for 13 min to char the lipid classes, thereby producing dark spots on the HPTLC plate. Lipid classes were then quantified by scanning densitometry, the different lipid classes being identified by comparison with known standards (Pond et al. 1995b ). Wax ester unsaturation was calculated as described in Pond and Tarling (2011) .
Fatty acid analysis-Remaining total lipid was then redried under nitrogen before the addition of 150 mL toluene and 300 mL methylation reagent (methanol : sulphuric acid 99 : 1 v : v). After spiking the samples with a fatty acid standard (23 : 0, 5 mg), the glass vials were purged with nitrogen before heating at 50uC for 16 h. After cooling to room temperature, 200 mL Milli-Q water and 200 mL hexane : diethyl ether (1 : 1 v : v) were added. The sample was then centrifuged and the upper organic layer trans- ferred to a clean glass tube. This step was repeated and 100 mL 2% (w : v) NaHCO 3 added to the combined upper organic layers. After mixing and centrifugation at 400 3 g, the upper layer was transferred to a clean tube and the solvent evaporated under nitrogen. Fatty acid methyl esters (FAMES) were purified by HPTLC using a hexane : diethyl ether : acetic acid solvent system (90 : 10 : 1, v : v : v), after which they were sprayed with 29,79-dichlorofluorescein. FAMES were visualized under ultraviolet light and FAMES extracted from the silica in 2 mL hexane : diethyl ether (1 : 1 v : v), mixed and 1 mL 2% (w : v) NaHCO 3 , dried under nitrogen, and stored in 50 mL of hexane at 220uC until analysis on a TRACE 2000, Thermo Electron gas chromatograph (GC). The GC was equipped with oncolumn injection, a Stabilwax column (Restek 30 m 3 0.32 mm internal diameter), and hydrogen was used as the carrier gas.
Results
Abundance CVs dominated the population for the majority of sampling points and typically comprising 98-100% of the total population ( Total lipid and lipid classes-Levels of total lipid and the dominant lipid classes, triacylglycerol (TAG) and wax ester, all exhibited a general seasonal trend with lowest amounts present in CVs collected during late winter and spring and higher amounts in summer (Fig. 3C) . Levels of total lipid in individual C. finmarchicus increased from comparatively low levels in April 2006 (53 mg lipid copepod 21 ) and to maximum values in June 2006 (mean 188 mg lipid copepod 21 ; Fig. 3A ). Total lipid then declined progressively to minimum levels during the following April and May 2007 (35 and 40 mg lipid copepod 21 , respectively).
Levels of TAG followed the same general seasonal trend as total lipid in the CVs. However, TAG decreased more rapidly than total lipid during late summer and autumn, reaching minimum values in October 2006 (, 2 mg copepod 21 ; Fig. 3B ). Wax ester was the major lipid class detected in the copepods and also the most variable ( 18:1(n-9), 20:1(n-9), 22:1(n-11), 20:5(n-3), and 22:6(n-3), which typically constituted . 2% of total fatty acid (Table 1) . Different seasonal patterns were evident for the percentage composition and absolute amounts of fatty acids in the copepods. Percentages of the combined total of saturated and monounsaturated fatty acids were at a minimum of , 57% during May 2006 and May 2007, progressing to a maximum in April 2007 that was largely attributable to changes in the percentages of both 14:0 and 22:1(n-11) (Fig. 4A-C) . Proportions of total polyunsaturated fatty acids (PUFA) exhibited an opposite trend with highest values of 22-45% during June 2007 and 2008 and progressively decreasing during the late summer, autumn, and winter months (Fig. 4D) . Percentages of 18:4(n-3) and 20:5(n-3) were the dominant PUFA contributing to this trend (Fig. 4E,F) .
Amounts of fatty acids in the CVs exhibited a different trend. Between July 2006 and February 2007 amounts of total saturated and monounsaturated fatty acids, 14:0 and 22:1(n-11), remained consistently high (16-24 mg copepod 21 ), only decreasing to a minimum of 6 mg copepod 21 ) after February 2007 (Fig. 5A-C) . This pattern contrasted with the amounts of PUFA in the CVs that exhibited a clear decrease during the summer to late-winter period from 14 down to , 1 mg copepod 21 by April 2007 (Fig. 5A,  D-F) . 
Discussion
C. finmarchicus and other calanoid species exhibit considerable plasticity in their dormancy patterns. Copepods inhabiting deep-water, open-ocean situations . 500 m typically exhibit the most extreme form of dormancy, having highly reduced respiration rates (Ingvarsdó ttir et al. 1999), do not actively swim (Hirche 1996) , and have low rates of lipid utilization (Jó nasdó ttir 1999). However, some calanoid species can also successfully overwinter in comparatively shallow coastal and shelf-sea habitats. These populations tend to overwinter at depths of 100 to 300 m, do not vertically migrate (Nicholls 1933) , do not feed (Marshall and Orr 1972) , have reduced respiration rates compared to summer populations (Marshall and Orr 1958) , and have high rates of lipid utilization (Campbell et al. 2004 ). The population of C. finmarchicus in Loch Etive undoubtedly belongs to the latter category. Overwintering C. finmarchicus in Loch Etive are concentrated at depths of , 100 m (Hill 2009) , which is similar to the diapause behavior previously reported for adjacent Loch Fynn and Loch Striven populations (Nicholls 1933; Marshall and Orr 1972) . Thus, although C. finmarchicus in Loch Etive do not diapause to the same extent as those inhabiting open-ocean habitats, this population, through its year-round accessibility, provides a valuable system to study controls on diapause behavior.
The progressive decrease in the amounts of PUFA in CV C. finmarchicus, from a peak during early summer to a low in late winter, is at odds with the generally held view on the function and importance of these essential dietary nutrients in marine zooplankton (Jó nasdó ttir 1994; Pond et al. 1996 Pond et al. , 2005 . It is undoubtedly the case that these fatty acids are essential for growth, gonad maturation, and gamete production in marine Crustacea. PUFA are therefore often highly conserved and are not readily utilized for metabolic energy unless the organism is food limited (Lee and Barnes 1975; Pond et al. 1995a ). The majority of PUFA contained by calanoid copepods that accumulate wax esters as the dominant storage lipid are located within the oil sac that often runs the entire length of the body (Lee et al. 2006) . Each fatty acid is esterified to a fatty alcohol molecule to form a wax ester. Given that PUFA wax esters are pressure sensitive, changing from liquid to solid phase under pressure (Pond and Tarling 2011) , the CV C. finmarchicus in Loch Etive were effectively catabolizing those lipids that in a deep-water situation (. 500 m) would reduce the overall buoyancy imparted by the large lipid pool, i.e., the copepods were catabolizing the more dense components of the lipid pool during diapause.
Fatty acids derived from diatoms, and specifically 20:5(n-3), are major components of wax esters of highlatitude calanoid copepods (Falk-Petersen et al. 2009; Pond et al. in press) and were also dominant in the lipids of C. finmarchicus from Loch Etive. A recent study of lateautumn populations of C. finmarchicus collected from the Newfoundland shelf and slope waters has similarly established that copepods diapausing at greater depths contain more lipid, with higher amounts of diatom biomarkers than those at shallower depths (Pepin et al. 2011 ). Pepin et al. (2011) also provided evidence suggesting that polyunsaturated wax esters are selectively catabolized in C. finmarchicus during diapause. In the Southern Ocean, selective utilization of PUFA wax esters has been reported for overwintered Calanoides acutus (Pond et al. in press) . Kattner et al. (1994) also found that overwintered Calanoides acutus contained lower proportions of PUFA, although this study interpreted these findings in terms of the selective retention of monounsaturated fatty acids rather than catabolism of PUFA. The specific rates with which copepods can catabolize solid-vs. liquid-phase wax esters is not known. However, evidence from studies on terrestrial insects suggests that solid-phase lipid reserves are metabolized, albeit at lower rates compared to those in a liquid phase (Ohtsu et al. 1993 and references therein). Pond et al. (in press) provide evidence that solid-phase wax esters are catabolized, as late-winter populations of Calanoides acutus in deep water contained low levels of PUFA wax esters. Similarly, Pepin et al. 2011 also found that C. finmarchicus in slope waters of the Labrador Sea catabolized PUFA wax esters in deep-water environments. Indirect evidence is provided in Falk-Petersen et al. (2009) where a range of Arctic calanoid species collected from surface waters and contained only low levels of PUFA wax esters during late winter and early spring. Although it is likely that these copepods had overwintered and catabolized PUFA wax esters at depth, these copepods were collected from comparatively shallow depths and it is uncertain if their PUFA wax esters were catabolized while in solid phase.
Given the importance of the composition of wax esters for regulating the buoyancy of overwintering copepods, selective utilization of PUFA wax esters could plausibly be linked to the termination of diapause and ascent to surface waters. Selective removal of PUFA wax esters from the oil sac, which also contains saturated and monounsaturated wax esters, must be a specific and highly regulated process, under genetic control and most likely mediated by the cellular membrane that surrounds the oil sac (Lee et al. 2006) . The membranous structures that are found within the oil sac itself (Sargent and Henderson 1986) could also potentially contribute to the selective removal of PUFA wax esters from the oil sac. However, the specific mechanism by which the reduction in PUFA in the oil sac wax could serve as a timing mechanism to terminate diapause and facilitate reascent to surface waters remains to be revealed and warrants further study.
It should be appreciated that the pressure-induced phase changes previously reported for wax esters of diapausing Calanoides acutus only occurred at depths . 500 m (Pond and Tarling 2011) , which is considerably deeper than the maximum in Loch Etive (140 m). We hypothesize that copepods unable to descend to depths where phase changes of wax esters facilitate neural buoyancy would incur additional metabolic costs associated with constant swimming. This is consistent with higher rates of lipid utilization during winter in neritic (Campbell et al. 2004; Hill 2009) compared to deep-water habitats (Jó nasdó ttir 1999). Although C. finmarchicus is often abundant in neritic waters, its main habitat is the open ocean and evolutionary pressures acting on this species would be primarily linked to this deep-water environment (Falk-Petersen et al. 2009 ). Thus, the CV C. finmarchicus in Loch Etive would be genetically programmed to accumulate large wax ester reserves with high levels of unsaturation, although the energetic benefits of this strategy would not be realized in the comparatively shallow sea loch. Further studies are clearly required to accurately quantify how the composition and phase changes of wax esters control buoyancy in diapausing calanoid copepods. These studies also need to consider the influence of structural components and potentially ion exchange mechanisms such as ammonium accumulation (Sartoris et al. 2010) .
It has previously been proposed that potential triggers for the initiation and termination of diapause in C. finmarchicus are the wax ester stores, which must achieve a minimum threshold value before diapause is entered and declines below a certain threshold before diapause is terminated (Irigoien 2004; Johnson et al. 2008) . In laboratory experiments primarily investigating the energetic cost of gonad maturation in C. finmarchicus, Rey-Rasset et al. (2002) calculated that this species requires a minimum of , 70 mg C wax ester before entering diapause. In Loch Etive, CV C. finmarchicus sampled during the summer of 2006 exceeded this minimum value, indicating that the majority of the population would be sufficiently provisioned for diapause. Rey-Rasset et al. (2002) also estimated the wax ester utilization during molting and gonad maturation, deriving a value of , 40 mg C wax ester. This value corresponds closely with the dramatic decrease in wax esters of , 50 mg wax ester and also abrupt decreases in the amounts of saturated and monounsaturated fatty acids between March and April 2007 for the Loch Etive CVs. As would be predicted, these abrupt reductions in the levels of various lipids associated with the energetic costs of molting and gonad development are mirrored by increased abundances of male and female copepods within the population. Given that the eggs of calanoid copepods contain high amounts of PUFA (Jó nasdó ttir 1994; Pond et al. 1996) , the low levels of PUFA in the late-winter CVs and also presumably the resulting females, would have consequences for egg production. Because calanoid copepods are unable to synthesize PUFA at ecologically significant rates (Bell et al. 2007 ), female C. finmarchicus in Loch Etive would be reliant on their immediate dietary environment to obtain sufficient PUFA to sustain reproduction. It should be recognized that this study did not determine the lipid content and composition of newly molted females in the spring population and the difference between these and the CVs would have given a more accurate measure of the metabolic costs associated with maturation to adult stages. Nevertheless, the data provided here provide useful population-and seasonal-level insights into the energetic costs associated with development of CVs into adults.
The large accumulation of lipid from April to June 2006 and 2007 (Fig. 5 ) suggests the new copepodites were feeding on the spring bloom. TAG was a minor component of the lipid content in this study, but increased from a minimum in April to a maximum in June during both 2006 and 2007. This is consistent with the view that TAG is a short-term, rapidly mobilized energy reserve that is indicative of active feeding (Hå kanson 1984) .
C. finmarchicus appears to produce only one generation each year in Loch Etive. This parallels a previous study of C. finmarchicus in Loch Etive, undertaken during 1978 -1979 (Mauchline 1987 , in which C. finmarchicus appears to have followed the same population patterns as in [2006] [2007] . The large decline in numbers of CIV-CVI stages in both April 2006 and 2007 (matched in Mauchline 1987 ) is likely to be linked to maturation to adults and reproductive effort. In food-limiting environments, female C. finmarchicus adopt a self-sacrificial strategy and utilize body mass to produce eggs, which leads to high mortality (Mayor et al. 2009) . No estimates of primary production exist from the upper basin of Loch Etive, but Wood et al. (1973) estimated gross annual primary production to be 70 C m 22 yr 21 in the lower basin. This is much lower than the estimate of 145 C m 22 yr 21 in the North Sea (Moll 1998 ) and 648 C m 22 yr 21 for the coastal areas of the Northeast Atlantic (Sathyendranath et al. 1995) . Primary production in Loch Etive is thought to be limited by the high colored dissolved organic matter content in the freshwater layer, and low primary production is undoubtedly the key reason why only one generation of C. finmarchicus is produced in Loch Etive each year.
Diapause behavior of C. finmarchicus in Loch Etive has not previously been studied, and key information such as depth-stratified respiration rates is not available. However, it can be surmised from current knowledge that CVs in Loch Etive are sufficiently provisioned with lipid to enter diapause in June and July when they descend to approximately 100 m. Unable to descend to sufficient depth to achieve neutral buoyancy through pressure-induced phase changes of their wax esters (Pond and Tarling 2011) , the copepods are forced to actively swim to maintain position in the water column and, as a consequence, consume , 50% of their lipid reserves during the diapause period. PUFA wax esters are selectively catabolized and reach a minimum level in the CVs when diapause is terminated. Abundance of CVs at , 100 m decrease dramatically during January (Hill 2009) and during this time the copepods are terminating diapause and reascending to surface waters. Females then appear in the population in February and March, having molted from overwintered CVs.
In conclusion, the unsaturation of the wax esters in calanoid copepods is undoubtedly controlled at least in part by the diet because the polyunsaturated fatty acids are not synthesized by these organisms (Bell et al. 2007 ). However, it is now clear that these calanoid copepods closely regulate the biochemical composition of their oils sacs during the lipid accumulation phase as copepodites. It is also clear that the removal of PUFA wax esters from the oil sac during diapause and subsequent catabolism is also a highly regulated process. The findings of Pond and Tarling (2011) suggest that a threshold level of unsaturation of wax esters must be reached before the descent to diapause is initiated because this facilitates neutral buoyancy through liquid-solid phase changes. The current study indicates that the mechanism of selective catabolism of PUFA wax esters could serve as a timing device, which controls diapause termination in calanoid copepods and their reascent to surface waters.
